5G networks are expected to achieve Gigabit level throughput in future cellular networks. However, it is a great challenge to treat the 5G wireless backhaul traffic in an effective way. In this paper, we analyze the wireless backhaul traffic in two typical network architectures adopting small cell and millimeter wave communication technologies. Furthermore, the energy efficiency of wireless backhaul networks is compared for different network architectures and frequency bands. Numerical comparison results provide some guidelines for deploying future 5G wireless backhaul networks in economical and high energy efficiency ways.
I. INTRODUCTION
To meet the challenges of the expected traffic volume increase in wireless communications (say that of 2020 as compared to the 2010 level [1] ), research on the next generation cellular networks (or 5G networks), is highly anticipated in the next decade. Moreover, some potential transmission technologies are emerging to support thousand times wireless traffic volume increment in future wireless communications. The massive multiple-input multi-output (MIMO) antenna technology is validated to improve 10 to 20 times the spectrum efficiency in the same frequency bandwidth.
The millimeter wave communication technology is explored to be applied to cellular networks, which can provide more than 100 MHz frequency bandwidths. Considering wireless signal propagation characteristics, the massive MIMO antenna and millimeter wave communication technologies will obviously reduce the cell coverage [2] . Therefore, small cell networks are emerging in 5G networks. In this case, 5G networks are not the simple upgrade of its predecessor, by adding additional spectrum and thus boosting the capacity, or replaced with advanced radio technology. It needs rethinking from the system and architecture levels down to the physical layer. In addition, we need to be able to answer the question of how to forward hundreds of Gigabit backhaul traffic in ultra dense cell networks with guaranteed quality of service (QoS) and affordable energy consumption by sustainable systems.
With the exponentially increasing demand for wireless data traffic in recent years, it is unfeasible for current cellular systems architecture to satisfy Gigabit level data traffic in an economical and ecological way [3] . One of the solutions is the small cell network, which is densely deployed by self-organizing, low-cost and low power small cell base stations (SBSs).
In early studies, a low number of small cells is adopted to improve the signal-to-interferenceand-noise ratio (SINR) of wireless links in limited hot areas, which is embedded in conventional cellular networks. In this case, a little burst backhaul traffic originating from small cells can be forwarded into the core network by traditional backhual link of cellular networks. When small cells are ultra densely deployed in cellular networks, it is a key problem to forward massive backhaul traffic into the core network. Moreover, there is a concern that the large number of small cells causes the signaling load on the networks nodes to increase due to frequent handovers and mobility robustness to be degraded due to increased handover failures and radio link failures [4] . The impact of small cell deployments on mobility performance in LTE-Advanced systems was investigated by system level simulations [5] . Simulation results implied that the handover optimization technique can effectively decrease the handover failure rate. With rapidly developing in point-to-point microwave technologies, the wireless backhaul solution is becoming an attractive alternative for small cell networks. Based on simulation and measurement results, the microwave backhaul technology at high frequencies was a viable highperformance solution for wireless small cell backhaul links in non-line-of-sight (NLOS) [6] .
Moreover, the high-performance NLOS backhaul link using higher frequencies compared to sub-5 GHz frequencies can provide the higher antenna gain for similar antenna sizes. This makes it possible to design small, compact, point-to-point fixed backhaul links with hundreds Gigabit per second throughput. 60 GHz and 70-80 GHz millimeter wave communication technologies for high capacity last mile and pre-aggregation backhaul were explored in [7] . In addition, orthogonal frequency-division multiple (OFDM) access passive optical networks were discussed as the optical technology complement for enabling a flexible cost-efficient hybrid coverage.
According to network simulation results for demanding urban small cell backhaul application, flexible high capacity hybrid millimeter wave/optical mobile backhaul networks presented a highly promising approach for future mobile backhaul networks. The coordinated multiple points (CoMP) technology is adopted in small cells to decrease the inter-site interference and improve the spectrum efficiency. However, the additional backhaul traffic is generated due to the possibility of sharing data among cooperative small cells. The backhaul bandwidth required by different coordination technologies was discussed in [8] . On the other hand, the energy efficiency of small cell networks is of great concern as the base station (BS) density will be significantly increased.
Based on the random spatial network model, the energy efficiency of small cell networks was analyzed in [9] . Numerical results showed that the energy efficiency of small cell networks critically depends on the BS power consumption model. Different with other studies in 5G networks, we focus on the throughput and energy efficiency of 5G wireless backhaul networks considering ultra dense small cells and millimeter wave communications. In detail, we first configure two typical small cell scenarios for comparison analysis. Then, we evaluate the wireless backhaul traffic models based on two typical small cell scenarios with different spectrum efficiencies. Furthermore, the energy efficiency of 5G With massive MIMO and millimeter wave communication technologies, the small cell scenario is an unavoidable solution for the future 5G network. In this paper, two small cell backhaul solutions are presented to evaluate the throughput and energy efficiency of 5G wireless backhaul networks. The first backhaul solution is marked as the central solution in Fig. 1 . A macrocell BS (MBS) is assumed to be located in the macrocell center and SBSs are assumed to be uniformly distributed in the macrocell. All SBSs are configured with the same transmission power and coverage. In Fig. 1 , the wireless backhaul traffic of small cells is transmitted to the MBS by millimeter wave communication links and then the aggregated backhaul traffic at the MBS is forwarded to the core network by fiber to the cell (FTTC) links. There are two logical interfaces, i.e., S1 and X2 which are used for forwarding backhaul traffic in the central solution. S1 serves as a feeder for user data from the advance gateway to the MBS and the advance gateway is the entrance of the core network. X2 enables mutual information to exchange among small cells.
The detailed scenario and the logical architecture are illustrated in Fig 
III. BACKHAUL TRAFFIC MODELS
Although the backhaul traffic is comprised of different types of traffic in small cell networks, most of traffic is originated from the user data traffic. However, the overhead backhaul traffic caused by transmission protocols at S1 interfaces and the handover backhaul traffic between adjacent small cells are important parts in the backhaul traffic. In addition, the wireless traffic used for management and synchronization is ignored in this paper since these traffic are obviously less than other traffic in small cell networks. Considering ideal wireless backhaul links between small cells and the MBS or the specified SBS, the user data traffic is assumed to be only related with the bandwidth and the average spectrum efficiency in every cell. Without loss of generality, all small cells are assumed to have the same bandwidth and the same average spectrum efficiency. In this case, the backhaul throughput of a small cell is simplified as the production of the bandwidth and the average spectrum efficiency in the small cell [10] , [11] . According to results in [12] , the 10% overhead backhaul traffic is assumed to be generated at S1 interfaces and the 4% handover backhaul traffic is assumed to be generated at X2 interfaces in small cell networks.
A. Backhaul Traffic Model in Central Solutions
The 
B. Backhaul Traffic Model in Distribution Solutions
In the distribution solution, adjacent small cells cooperatively forward the backhaul traffic to a specified SBS. Therefore, not only the channel information but also the user data are shared in adjacent cooperative SBSs. Without loss of generality, adjacent cooperative small cells are structured in a cooperative cluster and the number of adjacent small cells in a cluster is assumed as K. Without including the specified SBS which collects all backhaul traffic from adjacent small cells, the spectrum efficiency of cooperative cluster is denoted as S 
IV. ENERGY EFFICIENCY OF 5G WIRELESS BACKHAUL NETWORKS
The energy consumption of cellular networks should include the operating energy and the embodied energy [13] . In this paper, the operating energy is defined as E OP = P OP · T lif etime , where P OP is the BS operating power and T lif etime is the BS lifetime. Without loss of generality, the BS operating power is assumed as the linear function of the BS transmission power P T X , which is expressed as P OP = a · P T X + b, a > 0 and b > 0. In general, the transmission power depends on the radius of coverage and the signal propagation fading. To simplify the model derivation, the MBS transmission power is normalized as P 0 = 40
Watt (W) with the coverage radius r 0 = 1 Kilometer (Km) [7] . Similarly, the BS transmission power with the coverage radius r is denoted as P T X = P 0 · (r/r 0 ) α , where α is the path loss coefficient. Furthermore, the BS operating power with the coverage radius r is expressed as P OP = a·P 0 ·(r/r 0 ) α +b. The BS embodied energy includes the initial energy and the maintenance energy, which is calculated by E EM = E EM init + E EM ma int . In the central solution, the system energy consumption is expressed by
Considering the wireless backhaul throughput in the central solution, the energy efficiency of the central solution is defined as η centra = T H centra sum E centra system . In the distribution solution, the system energy consumption is expressed by
Considering the wireless backhaul throughput in the distribution solution, the energy efficiency of the distribution solution is defined as
system . To analyze the energy efficiency of 5G wireless backhaul networks in two backhaul solutions, default parameters are configured as follows: the radius of the small cell is 50 meter (m), the macrocell radius is 500 m, the bandwidth of the macrocell and the small cell is 100 Mbps, the average spectrum efficiency of the macrocell is 5 bit/s/Hz [12] , and the path loss coefficient is 3.2 for the urban environment [14] . In macrocells, parameters of BS operating power are configured [15] . Other parameters are listed in Table I . First, the throughput of wireless backhaul networks with respect to the number of small cells considering different average spectrum efficiency is compared in Fig. 3 . In Fig. 3(a) , the backhaul throughput linearly increases with the increase of small cell numbers in the central solution. In Fig. 3(b) , the backhaul throughput exponentially increases with the increase of small cell numbers in the distribution solution. The exponentially increasing feature is caused by the sharing cooperative traffic among small cells in the distribution solution. When the number of small cells is fixed, the backhaul throughput increases with the increase of average spectrum efficiency in small cells.
Second, the energy efficiency of wireless backhaul networks with respect to the number of small cells considering different frequency bands is illustrated in Fig. 4 . In Fig. 4(a) , the energy efficiency of wireless backhaul networks logarithmically increases with the increase of the number of small cells in the central solution. In Fig. 4(b Finally, the energy efficiency of wireless backhaul networks with respect to the path loss coefficient considering different small cell radii is shown in Fig. 5 . When the radius of small cells is less than or equal to 50 m, the energy efficiency of wireless backhaul networks increases with the increase of the path loss coefficient. When the radius of small cells is larger than 50 m, the energy efficiency of wireless backhaul networks decreases with the increase of the path loss coefficient. The reason for this result is that, based on the Shannon capacity theory, the increase of path loss coefficients have a little attenuation effect on the wireless capacity when the radius of small cells is less than or equal to 50 m. In contrast, the increasing path loss coefficients have obviously an attenuation effect on the wireless capacity when the radius of small cells is larger than 50 m. When the system energy consumption is fixed, the energy efficiency is proportional to the wireless capacity in wireless backhaul networks. Compared with central and distribution solutions in Fig. 5(a) and Fig. 5(b) , the energy efficiency of the central solution is obviously less than the energy efficiency of the distribution solution under the same radius of small cells and the path loss coefficient. 
V. FUTURE CHALLENGES
In existing studies, the small cell network is presented to satisfy the high capacity requirement for hot areas in cellular networks. Therefore, the large wireless traffic is just transmitted in limited hot areas. In this case, a little burst backhaul traffic can be directly returned back to the core network through the conventional cellular network architecture. With the massive MIMO and millimeter wave communication technologies emerging into 5G networks, the cell size of 5G networks has to become smaller. Furthermore, the large wireless traffic is transmitted in 5G networks. Moreover, the 5G network will become an ultra dense cell network with small cells.
As a consequence, it is a great challenge for future 5G wireless backhaul networks to forward massive wireless traffic to core networks in a low cost and high energy efficiency manner. Some potential challenges are presented in the following context. The first challenge is how to design a new backhaul network architecture and protocols for ultra dense cell deployment scenarios. As we discussed in the last paragraph, small cells and ultra dense deployment will become the main features in future 5G networks. In this case, the number of small cells will obviously increase in the unit area. As a consequence, the corresponding backhaul traffic will increase exponentially at the gateway if the conventional centralized control model is adopted in the 5G backhaul network architecture. The massive backhaul traffic not only makes a congestion but also collapses the backhaul network. It looks that the distributed control model has to be adopted in the 5G backhaul network architecture. However, it brings another challenge whether existing network protocols can support the massive backhaul traffic by wireless links.
For high speed users, how to overcome the effect of frequently handover in small cells is the second challenge. To solve this challenge, the concept of cooperative small cell group is presented to support the high speed user handover among small cells. In this case, multiple small cells must cooperatively transmit traffic to a high speed user. When the high speed user departs a small cell, other cooperative small cells still cover its track and consecutively transmit the high traffic to the high speed user. Moreover, the new small cell is added into the cooperative small cell group based on the high speed user track. However, there are many issues needed to be solved for realizing this idea, such as how to organize a dynamic cooperative cell group and how to decrease the overhead of sharing data in the cooperative small cell group.
Even the massive wireless backhaul traffic can be transmitted back to the core network with a specified QoS, it is a key challenge to deploy it in a high energy efficiency way. Some studies indicate the low power BS with densely deployment will decrease the energy consumption in 5G networks. However, based on our analytical results, different architectures of backhaul networks have different energy efficiency models. For example, in the central solution, the energy efficiency of wireless backhaul networks reach a saturation limit when the density of small cell is larger than a specified threshold. How to optimize the energy efficiency of wireless backhaul networks is very important for the future 5G networks. Some potential solutions are presented to face this energy efficiency challenge, such as hybrid backhaul networks including wireless and fiber links is a valuable solution. Moreover, the new sleeping model in small cells and adaptive power control of SBSs are effective approaches for saving energy in 5G wireless backhaul networks.
But more studies should be carried out in the near future.
To overcome the above challenges in 5G wireless backhaul networks, some potential solutions are summarized to solve these issues: 1) Distribution cell architecture and protocols can be explored to forward wireless backhaul traffic in the ultra dense small cell networks;
2) Millimeter wave communications are recommended to transmit the massive backhaul traffic in 5G wireless backhaul networks;
3) Cooperative small cell groups should be investigated to solve handover issues in small cell networks; 4) High energy efficiency transmission technologies should be developed to guarantee 5G wireless backhaul networks deploying in a low energy consumption way.
VI. CONCLUSION
5G networks are expected to satisfy rapid wireless traffic growth. Massive MIMO, millimeter wave communications and small cell technologies are presented to achieve Gigabit transmission rate in 5G networks. In this paper, we study how to promote 5G wireless backhaul networks in high throughput and low energy consumption ways. Two typical small cell scenarios are configured to analyze the wireless backhaul traffic in future 5G networks. Furthermore, the energy efficiency of wireless backhaul networks is compared by two typical small cell scenarios.
Numerical results imply that the distribution solution has higher energy efficiency than the central solution in 5G wireless backhual networks. However, a veritable challenge would indeed emerge if the new distribution network architecture is adopted in the future 5G wireless backhaul networks.
